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Abstract
Dengue virus causes serious diseases and considerable deaths each year all around the
globe. Dengue virus undergoes assembly in a capsid, matures and becomes viral. Revealing
mechanisms of the viral capsid protein may lead to the discovery of novel drugs that prevent this
assembly to happen and stop the virus from spreading. Here I present a computational work which
is focused on the stability and assembly of the dengue viral capsid. The E and M proteins conform
a heterotetramer, which consists of two copies of E and M proteins. The heterotetramers form a
highly ordered capsid. In the electrostatic analysis it was identified four binding modes among two
heterotetramers that repeat periodically in the virus capsid. In each binding mode I performed a
salt bridge calculation, electrostatic potential surface calculation, electrostatic force calculation
and a molecular dynamics simulation. Among the four binding modes, heterotetramers in binding
modes I, II and IV showed to be attractive. Surprisingly, binding mode III has a repulsive
interaction, making it a potential target for drug design. Furthermore, to obtain a more detailed
description of the capsid assembly, I studied the folding energy and pH dependence of binding
energy in a E protein homodimer. The pH dependence analysis showed that the E protein
homodimer binding energy is low and independent from pH in a range of 6 to 10. Therefore, it
might be possible that due to this wide range of pH survival in the dengue virus capsid, the virus
can be spread fast and survive all around the world. Overall, this study shows that using
computational approaches to study the electrostatic features of dengue virus capsid assembly is a
promising direction that might lead to the development of novel drugs against the disease caused
by dengue virus.
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Chapter 1: The electrostatic features of Dengue virus capsid assembly
1.1 Introduction
Dengue virus is a human pathogen that belongs to the Flavivirus genus of the family
Flaviviridae. Dengue virus is transmitted by mosquito bite and is one of the most rapidly
spreading virus across tropical and subtropical regions. Every year an estimate of 50 million
people is infected by the dengue virus which causes nausea, fever, rashes, aches, pain and in
the worst-case scenario death [1]. Approximately 2.5 billion people live in dengue endemic
countries, making dengue virus a constant threat [2,3]. Similarly, the World Health
organization has recognized the spread of dengue virus as a major urban public health concern
and a potential bioweapon which may threaten human health [4].
In 2013 the atomic resolution of the structure of dengue type 2 was determined,
establishing a detailed structure of the viral capsid. The structure of a mature dengue
virions consist of a nucleocapsid core, a lipid bilayer membrane, and a protein capsid
shell. The nucleocapsid does not follow a specific pattern. On the other hand, the outer
shell capsid is well organized with recognizable patterns. The capsid consists of 180
copies of envelope (E) proteins and 180 copies of membrane (M) protein. When the virus is in
its mature form after protein expression and posttranslational modification the E and M protein
interact to form heterotetramers, each heterotetramer contains 2 copies of E proteins and 2
copies of M proteins. The M protein lies in the middle pair of transmembrane helixes that are
connected to the E protein, where it interacts mainly through hydrophobic contact. Overall, E
proteins and M proteins play significant roles in the life cycle of dengue virus, as they undergo
dramatic structural conformational changes in viral maturation and infection [5,6]. Several
studies have focused their attention on the interactions of E and M protein, especially in the
1

role of M protein in regulating the conformational changes of the E proteins and resulting spiky
and smooth forms of viral capsids. However, there is a lack of information among the
interactions of heterotetramers and the role of mature dengue virus E protein in its capsid
assembly.

It has been shown that computational approaches have been widely used to study proteinprotein interactions [7,8] including the interactions of complex biological structures such as viral
capsids. Using multi-scale computational approaches here we focused on the interactions among
the heterotetramers to characterize the binding features among dengue capsid proteins. By
understanding the binding mechanism of the dengue capsid, more specifically among
heterotetramers we hope that our studies shed light on the design of a drug which targets the
heterotetramers assembly of the dengue virus.
A broad range of computational and theoretical approaches have been developed to
simulate the protein stability [9] and protein-molecule interactions, therefore such approaches are
used to study the viral capsid assembly. The scale in length and the complexity of the viral capsids
make it extremely challenging for computational simulations to study the assembly mechanism.
Despite these challenges many computational works have been performed to understand the
mechanism of viral assembly [10-12]. To reduce the computational cost, calculation time and
extend the capability of simulation sizes, some works have successfully applied coarse-grained
models [13,14] to capture the major information of residues and neglect insignificant atomic
details during the simulations. This approach proves to be useful in the analysis of viral capsids,
since due to the large size a limited number of atomic simulations are performed on entire viral
capsid [15]. Most of the simulations works focus on specific regions of the capsid, such as the
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scaffold protein-mediated capsomer-capsomer interactions. In the past electrostatic interactions
have been identified to be a significant factor for protein-molecule especially protein-protein
assembly [16]. Therefore, many works have been performed to study the electrostatic interactions
in the viral capsid assembly [17-19]. In the past, it has been successfully calculated the electrostatic
potential and the electric field lines around a viral capsid [20] showing that the electrostatic
potential distribution around the viral capsid is periodical and the electrostatic interactions play
vital roles in the viral capsid assembly. Moreover, an important component of the electrostatic
features of dengue virus capsid assembly is the pH and its effect on electrostatic interactions. In
previous studies it has been found that pH change triggers the conformational changes in the
pathogenesis-related peptides that allows immature dengue virions to avoid premature fusion [21].
Similarly, one of the key steps in the infection of cell by dengue virus is pH-induced
conformational change of the viral envelope proteins [22]. Therefore, understanding the pH
dependence is critical to reveal its role on the conformational changes and stability of the dengue
virus. Furthermore, at a molecular level it is known that protein-protein association is a pHdependent process. In other words, the binding affinity of the proteins is dependent on the pH.
Previously, it has been studied that many proteins’ folding energies are affected by pH and the
binding affinities of protein-protein complexes are also pH dependent.
In this study, it was investigated the interactions between the dengue heterotetramers at the
atomic level using computational tools. In the capsid, we identified four binding modes that
consisted of a pair of heterotetramers in the dengue viral capsid. The electrostatic potential
calculations suggest that these four binding modes vary in strength. Based on the distribution of
the heterotetramers in the capsid, it can be concluded that these binding modes repeat in the same
pattern and form the capsid. For further analysis the heterotetramers were separated by their normal
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directions using as reference the center of mass of the heterotetramers to calculate the binding
forces. When the heterotetramers in a range of 8 Å to 30 Å, the binding forces are attractive in
three of the binding modes (mode I, II, IV), and repulsive in mode III. These findings are consistent
with our electrostatic potential analysis. When the heterotetramers are separated more than 30 Å,
the binding forces are then directed to random directions. (Figure 3). For the pH dependence
analysis, we studied the E proteins of the heterotetramers and focused on binding mode I which
has the greatest contribution to the virus assembly. The results showed that the dengue virus E
protein is stable over a wide range of pH (pH 4 to 10) and the folding energy of E protein is almost
pH dependent in this range. Moreover, the optimal binding energy between two E proteins is also
found at pH 4 to 10. This study demonstrates that using computational approaches to study dengue
virus capsid assembly is a promising direction that will lead to new discoveries and help in the
development of a drug against dengue virus disease.
1.2 Methods
1.2.1

Structure Preparation

The structure of the dengue viral capsid was downloaded from the Protein Data Bank (PDB
ID 3J27) [23], a CryoEM structure of resolution 3.5 Å. To visualize the complete structure of the
virus it was used chimera [24]. Four binding modes were identified from the mature biological
assembly of the capsid, these binding modes presents all the possible interactions among the
heterotetramer un the capsid (Figure 1) and are present in the capsid on a periodic manner.
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Figure 1. Binding modes in dengue viral capsid. (a) Represents all the possible binding modes in
the capsid. The involved dimers are colored based on their binding mode in blue, orange, purple,
red and cyan; (b) binding mode I is different form all the other modes, by having the two dimers
parallel to each other colored in blue and orange;(c) binding mode II has two perpendicular dimers
colored in red and orange; (d) binding mode III has two dimers perpendicular to each other colored
in orange and purple; (e) Similarly as mode II and mode III in binding mode IV the two dimers
are perpendicular to one another colored in orange and cyan. The dimers of binding modes II, III
and IV have an interaction with a specific part of the same orange dimer in a perpendicular
orientation. The interactions between red and purple, or purple and cyan dimers can be considered
the same as binding mode I.

For the study of pH-dependence we focus on the E protein in a complex unit of the capsid. Even
though M protein plays a major role on the conformational changes on the conformational changes
for a maturation of the dengue capsid [25], it does not have a relevant impact on the E proteins’
binding. Taking this fact into account the M protein was not included in the simulations. The
structure of the virus and the correspondent complex unit are shown in Figure 2.

5

Figure 2. Complex and binding units of the dengue capsomer. (A) Structure of the dengue
capsid and the complex units are shown in red. (B) Two binding units that form a complex. The
circle highlighted a single binding unit that is composed of two E protein monomers. (C) A
different angle of figure (C).

1.2.2

DelPhi Calculations

The electrostatic potential maps of the heterotetramers, the E protein in a binding unit and
a E protein monomer were calculated using DelPhi [26-28]. The generated gaussian cube file for
each structure was visualized using chimera. The color scale range was set from -1.0 kT/Å to -1.0
kT/Å, where blue and colored areas represent positively and negatively charged potential,
respectively. To visualize the electric field lines between the heterotetramers, Visual Molecular
Dynamics (VMD) [29] was utilized. Moreover, to illustrate the electric field lines clearly with
VMD, the distance between the selected heterotetramers was increased by a 20 Å using the center
of mass of the heterotetramers as reference. The electric field lines passing through the interfaces
of each binding mode were studied in detail.
6

In the framework of continuum electrostatics, DelPhi calculates the electrostatic potential
𝜙 (in systems comprised of biological macromolecules and water in the presence of mobile ions)
by solving the Poisson-Boltzmann equation (PBE):

[∇ ∙ 𝜖(𝑟)∇𝜙(𝑟)] = −4𝜋𝜌(𝑟) + 𝜖(𝑟)𝑘 2 (𝑟)sinh (𝜙(𝑟)/𝑘𝑏 𝑇

(1)

Where 𝜙(𝑟) is the electrostatic potential 𝜖(𝑟) is the dielectric distribution 𝜌(𝑟) is the charge
density based on the atomic structures, k is the Debye-Huckel parameter, 𝑘𝑏 is the Boltzmann
constant, and T is the Temperature. Due to the irregular shape of macromolecules, DelPhi uses a
finite difference (FD) to solve the PBE.
1.2.3

DelPhiForce Calculations

The information about the electrostatic interactions involved in the binding forces among
the heterotetramers was calculated using DelPhiForce [30,31].

Each binding mode was

manipulated by fixing a heterotetramer and displacing the other one in a range of 8Å to 40 Å in
intervals of 2 Å with structureMan [32], generating 12 modified structures. The separation was
performed from the center of mass of each heterotetramer following the vector connecting their
center of masses. The electrostatic force from each moved structure was calculated by DelPhiForce
calculations with given parameters and polar boundary conditions. The dielectric constants were
set as 2.0 for proteins and 80 for water environment, respectively. The probe radius for generating
the molecular surface was 1.4 Å. Salt concentration was set as 0.15M. The boundary condition for
the Poisson Boltzmann equation was set as a dipolar boundary condition.
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The electrostatic binding forces calculated by DelPhiForce were visualized with VMD,
representing the forces with arrows (Figure 3). Binding mode I, II and IV (Figure 3 (a), (b) and
(d)). Showed attractive binding forces in a range of 8 Å to 30 Å; the forces above 30 Å showed to
have a random direction. Binding mode III showed a repulsive force from a range of 6 Å to 30 Å,
and consistent with other binding modes, similarly as the other case the forces beyond 30 Å
become randomly directed. It must be noted that this calculation is being done as a preliminary
analysis of the forces, this calculation only focuses on the electrostatic interactions and does not
consider Vander der Waals and other interactions that can affect the net force among the
heterotetramers.

Figure 3. Electrostatic Forces between the two heterotetramers in all four binding modes. To
compare the binding strength, the total forces were calculated the versus the distance. In all four
panels, the fixed heterotetramers are presented in electrostatic surface, in which the negatively
charged areas are colored in red and positively charged areas are colored in blue. The manipulated
heterotetramers are show in transparent grey. The binding forcea are represented by yellow arrows.
All images are rendered by VMD with a color scale from −3.0 to 3.0 kT/Å. (a), (b) and (d) Binding
modes I, II, and IV present an attractive net force. (c) Binding mode III presents a repulsive net
force.

1.2.4

pH-dependence of Folding Free Energy Calculation

In this study it was also investigated the ph-dependece of the complex E protein. The
folding energy was calculated by obtaining the net charge difference between fold and unfolded
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states as a function of pH, and then integrating over the pH. The unfolded state net charge was
calculated using the Henderson-Hasselbalch equation:
𝑀

𝑞𝑢 (𝑝𝐻) = ∑
𝑘=1

10−2.3(𝑘)(𝑝𝐻−𝑝𝐾𝑎(𝑘))
1 + 10−2.3(𝑘)(𝑝𝐻−𝑝𝐾𝑎(𝑘))

(2)

And thus, assuming the unfolded state is a chain of non-interacting residues [33,34]. In the
above eq. (1), (𝑘) is +1 or -1 for basic and acidic groups respectively. The summation over “k”
is over all titratable residues in the system.

The net charge of folded E protein at specific pH was calculated with DelPhiPka, which
computes the pKa values of protein ionizable residues using a Poisson-Boltzmann approach [3537] and outputs the net charges at different pH values. The pH range of the calculation was set
from 0 to 14 with an interval of 0.5. Finally, using the obtained data we calculated the folding
free energy pH dependence using the following relation:

𝑝𝐻𝑓

(𝑞𝑓 (𝑝𝐻) − 𝑞𝑢 (𝑝𝐻))𝑑(𝑝𝐻)

∆𝐸(𝑝𝐻𝑓𝑜𝑙𝑑𝑖𝑛𝑔 ) = 2.3𝑅𝑇 ∫

(3)

𝑝𝐻𝑖

Here ∆𝐸(𝑝𝐻𝑓𝑜𝑙𝑑𝑖𝑛𝑔 ) is the pH-dependence of the folding energy, 𝑞𝑓 (𝑝𝐻) and 𝑞𝑢 (𝑝𝐻)
are the net charge of folded and unfolded states, T is the temperature (in K), which is 300k and R
𝑘𝑐𝑎𝑙

is the gas constant taken as 1.9872 × 10−3 𝑀𝑜𝑙∗𝐾 .

1.2.5

pH-dependence of Binding Free Energy Calculation

The pH-dependence of the binding free energy of E proteins was modeled by obtaining the
pH-dependence of the net charge of the complex and the previously calculated net charge of the
9

monomer E protein 𝑞𝑓 (𝑝𝐻) . The net charge 𝑞𝐶𝑜𝑚𝑝𝑙𝑒𝑥 (𝑝𝐻) pH-dependence of the complex unit
was calculated with DelPhiPKa using the structure of the E protein homodimer. Then the following
equation was used to calculate the pH-dependence of the binding free energy:
𝑝𝐻𝑓

∆𝐸(𝑝𝐻𝑏𝑖𝑛𝑑𝑖𝑛𝑔 ) = 2.3𝑅𝑇 ∫

(𝑞𝐶𝑜𝑚𝑝𝑙𝑒𝑥 (𝑝𝐻) − 𝑞𝑎 (𝑝𝐻) − 𝑞𝑏 (𝑝𝐻))𝑑(𝑝𝐻)

(4)

𝑝𝐻𝑖

Where ∆𝐸(𝑝𝐻𝑏𝑖𝑛𝑑𝑖𝑛𝑔 ) is the pH-dependence of the binding free energy, 𝑞𝐶𝑜𝑚𝑝𝑙𝑒𝑥 (𝑝𝐻),
𝑞𝑎 (𝑝𝐻) and 𝑞𝑏 (𝑝𝐻) are the net charges of the complex, monomer A and monomer B respectively.
T is the temperature in (in K), which is 300K and R is the gas constant taken as
𝑘𝑐𝑎𝑙

1.9872 × 10−3 𝑀𝑜𝑙∗𝐾 .

1.2.6

Molecular Dynamic (MD) Simulations

To simulate the interactions between the four binding modes presented in the dengue
viral capsid, MD simulations with an implicit solvent model, Generalized Born Model (GB), [38]
were carried using the CHARMM36 force field [39]. The dielectric constants for protein and
constant are 2 and 80. The initial temperature for the simulation was set at 300 K with the ion
concentration of 0.15 M. The minimization was set at every 2000 steps with 1fs/step timestep. In
each of the four binding modes, a 10 ns was performed, from which four thousand frames were
obtained. To study the role of electrostatic interactions, salt bridges were predicted to be formed
within a distance of 3.2 Å by the residue’s pairs, these were extracted from the four thousand
frames in each binding mode. Finally, for the results only the last 5 ns of the simulation were
considered due to the molecular system equilibrium and stabilization.
1.3 Results and Discussion
10

1.3.1

Electrostatic potential surface

The electrostatic surface was obtained using Delphi. The calculation of net charge showed
that the charge in a heterotetramer is +2e (Two positive charges of an electron). The visualization
of the potential surface was done with VMD. Red colored areas represent a negatively charged
surface, white areas represent a neutral charge surface and blue areas represent a positively charged
surface. The electrostatic charge surface distribution on an individual heterotetramer shows a
specific pattern. Positively charged residues were predominant in the heterotetramer, negative and
neutral charged residues were scatter in the surface.

Figure 4. Electrostatic surface representation for four binding modes. The surface representation
of binding mode I, II, II, IV are shown in panel (a), (b), (c) and (d), respectively. All images are
rendered by Chimera with a color scale from −3.0 to 3.0 kT/Å. Negatively charged areas are
colored in red, whereas positively charged areas are colored in blue.
11

Furthermore, to understand the role of E protein in the viral assembly of the capsid it was calculated
the electrostatic potential surface of a single binding unit of E protein. Figure 5A shows the
complex structure of two E proteins bound as a homodimer, which is the basic unit in the dengue
viral capsid [40]. Electrostatic potential mapped onto surfaces of these two E proteins is visualized
in figure 5B. The electrostatic potential (figure 5B) shows a C2 symmetry due to the topology of
the E protein homodimer (Figure 5A). To study the binding interactions between the two E protein
monomers, the electrostatic potential surface of a single E protein monomer was calculated and
shown in figure 5C. From figure 5C to 5D, the visualization angle is rotated 90𝑜 where the
interface of a single E protein monomer is clearly visualized. Something to remark about the E
protein monomer is that the electrostatic potential at the binding interface is highly inhomogeneous
– half of the binding interface has a positive and the other half has a negative potential surface, as
shown in circles in figure 5D. This electrostatic potential surface distribution explains why the two
E protein monomers are tightly bound. When the two e protein monomers bind in the C2 symmetry
(as shown in figure 5A), the electrostatic complementarity is perfectly formed which results in a
stable homodimer. Therefore, the E protein dimer can be considered as a basic binding unit in the
whole viral capsid.

12

Figure 5. (A) 3D structure of a E protein homodimer. This is a binding unit in the whole dengue
viral capsid. (B) The corresponding electrostatic potential mapped onto the surface of an E
protein dimer. (C) The electrostatic potential on the surface of an E protein monomer. (D) The
view from a different angle of the E protein monomer.
1.3.2

Electrostatic field lines and Forces

The electric field lines and surfaces were displayed in all the binding modes (Figure 6). For
the field lines, white lines represent the attractive and repulsive behaviors between heterotetramers.
The 20 Å separation of the heterotetramers improved the visualization of the field lines in the area
of interest. The results obtained from pdb2pqr [41] showed a net charge for a single heterotetramer
was +2e regardless the binding mode and for binding mode I, II, III and IV a net charge of +4e. A
13

predominant blue area can be appreciated in all binding modes (Figure 4) and therefore positively
charged. The charge of distribution and field lines in each binding mode showed an interesting
pattern where mode I as expected has a high attractive interaction, which can be seen in the denser
field lines. Mode II and IV have mainly attractive interactions, but not as strong as binding mode
I due to the nature of the contact area among the heterotetramers. On the other hand, Mode III
shows predominantly repulsive interactions, hence less field lines that were captured. Therefore,
we referred these four binding modes as strong electrostatic attractive binding (mode I), weak
electrostatic-attractive binding (mode II and IV), and electrostatic-repulsive binding (mode III) &
(Figure 6 and Figure 7).

Figure 6. Electrostatic field lines of the four binding modes among the heterotetramer of dengue
virus. Binding mode I, II, II, IV are shown in panel (a), (b), (c) and (d), respectively, where the
interface in each binding modes was zoomed in. All images were rendered by VMD. The color
scheme is the same as in Figure 3.
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Figure 7. Net electrostatic force of each binding modes as a function of distance. Overall, the
plots follow the expected behavior of a columbic force. Interestingly, binding mode III have the
least net force among all binding modes. On the other hand, binding mode I has the greatest net
force interaction.

1.3.3

Salt Bridges

To identify the key residues in the binding electrostatic interactions, salt bridge formation
was analyzed following the MD simulations by NAMD. The 10ns simulations were done for the
four binding modes, which resulted in 4000 frames. Afterwards, the salt bridges with a 3.2 Å bond
length cut off in the 4000 frames were analyzed. It must be noted thar for the purpose of studying
the interaction among the heterotetramers we aimed at those salt-bridges that were at the binding
interface. The results show that binding mode I has the greatest number of salt bridges (Figure 5).
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Figure 8. Salt-bridge formed during the MD simulation of binding mode I (a), II(b), III(c) and
IV(d). In each graph, the total number of salt bridges is plotted vs. time from 5ns to 10ns.

Table 1. Salt bridges formed in all four binding modes during MD simulations, shown with their
number of apperences during the simulation and the mean value of the salt bridge.
Binding mode
Mode I

Salt Bridges

Number

Percentage

ASP192.A-LYS394.E

630

31.50%

GLU195.A-LYS394.C

245

12.45%

GLU85.C-LYS88.A

539

26.95%

GLU133.A-LYS310.E

691

34.55%

GLU133.C-LYS310.G

908

45.50%

16

Average[a]
2.81

Mode II

Mode III
Mode IV

GLU184.A-LYS388.E

509

25.45%

GLU184.C-LYS388.G

1353

67.65%

GLU343.E-ARG286.A

335

16.75%

ASP341.G-ARG345.C

368

18.40%

GLU311.G-LYS38.C

1395

69.75%

GLU338.C-LYS388.G

326

16.30%

GLU383.C-LYS388.G

935

46.75%

ASP375.G-ARG345.C

288

14.40%

ASP87.E-LYS334.A

1500

ASP225.E-LYS38.A

117

5.85%

ASP290.E-LYS291.X

236

11.80%

ASP290.X-LYS38.E

866

43.30%

GLU172.X-LYS38.E

1861

93.05%

GLU338.X-ARG188X

202

10.1%

75%

1.67

0.83
1.82

[a] the average salt bridge number for each frame was calculated from 2,000 frames of the last 5 ns
simulation
This is consistent with the binding interface area of binding mode I, therefore it is expected
that a stronger interaction is taking place. The maximum number of salt bridges reached
simultaneously was 8 and the average number of salt bridges per frame was 2.97 (Table 1). Among
these salt bridges, the GLU 133.C-LYS310.G and ASP192.A-LYS394.E are the most stable and
we can expect to find them since they were present close to 50% of the total simulation time.
Consistent to the electrostatic field lines analysis, these salt bridges are formed in the denser areas
of the electric field lines (Create new figure). The maximum number of simultaneous salt bridges
in binding mode II and IV are 5 and 6, respectively. The corresponding average salt bridge
numbers are 1.41 and 1.79, respectively. The amino acids involved in the most stable salt bridge
formation for these binding modes were GLU311.G and LYS38.C and GLU172.XLYS.E(TableS1). It is noteworthy that the salt bridge GLU-LYS38.E in mode is highly stable as
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it is present in in 93.05% of the frames of our simulation. Finally, binding mode III presented an
interesting salt bridge formation, with the least salt bridges average per frame among all the
binding modes (table S1), where only two salt bridges were found. It would be expected that
binding mode III share similar outcome as mode II and mode IV due to the similarly of the
orientation of the heterotetramer involved. However, the data shows that mode III has the least salt
bridge formation and weakest electrostatic interaction which is consistent with the electrostatic
potential and binding force analysis that repulsive interactions are found in mode III. This result
suggests a direct relationship between the salt bridge formation and the electrostatic interaction.
Moreover, the results can explain the specifics of binding mode III electrostatic interaction.
In summary, the average salt bridge number explained the binding forces. The binding
mode with the highest average salt bridge number has the strongest attractive electrostatic binding
interaction. In contrast, the binding mode with the lowest salt bridge number has repulsive or
weaker electrostatic interactions. The detailed salt bridge pairs in each binding mode are identified,
which may serve as the initial target sites for drug design to inhibit the dengue viral capsid
assembly.
1.3.4

pH-dependence of Folding Energy

Previous studies [42-44] have shown that the stability of almost all proteins is pHdependent and there is a specific pH, defined as pH-optimum, at which the folding free energy is
the most favorable. Indeed, the folding free energy of monomeric E protein is pH-independent
(Figure 3) and there is no specific pH-optimum. Instead of a common sharp binding funnel curve,
the folding free energy is almost flat in the pH range of 6 to 10. This unusual folding energy profile
indicates that E protein titratable groups do not experience pKa changes from unfolded to folded
states in the same pH interval (pH 6 to 10). Analysis of the calculated pKa’s of folded state shows
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no perturbed pKa’s with respect to pKa’s of unfolded state. Thus, the monomeric E protein can
survive a wide range of pH.

Figure 9. pH dependence of folding free energy for an E protein monomer. The vertical axis
represents the change in folding free energy in units of kcal/mol and pH is along the horizontal
axis.

1.3.5

pH-dependence of Binding Energy

The binding energy calculations were performed for a binding unit that is composed of two
E protein monomers (Figure 10A) and a complex that is composed of two binding units (figure
10B). It’s common that the binding energy of two proteins is favorable at certain pH (pHoptimum). However, the pH dependent phenomenon is more complicated in the E protein
interactions. From the binding energy profile of the binding unit (Figure 10A) it shows that
similarly to the folding energy, the binding energy curve is flat from pH 4.0 to 10. The binding
energy achieves its stable pH independence after pH 4 and remains around -20 kcal/mol until it
reaches pH 10. From there the binding energy increases significantly and becomes unstable.
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The binding energy curve of the complex is flat in the range of pH 6 to pH 10 (figure 10B).
A specific pH-optimum of the binding energy of the complex is found at pH 3.5. The overall
profile of the complex binding energy shows that the binding of two binding units in a complex
(binding mode I) is stable from pH 3 to 10. This stability in a wide range for the capsid E protein
makes dengue virus capable to adapt in different pH environments.

Figure 10. pH energy dependence in binding energy representation for the binding unit (A) and
complex (B). The vertical axis represents the change in binding energy in units of kcal/mol. The
horizontal axis, in the middle of the figure represents the pH at which the energetic change takes
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place. In both figure an energetic stability is attained in similar intervals of pH, but the binding
energy range differs on them.

1.4 Conclusion
In this work it was investigated the electrostatic features, effects in structure assembly and
pH-dependence stability of the viral dengue capsid. It was identified four different binding modes
that are periodically repeated in the capsid: Binding mode I which represented two heterotetramers
arranged in a parallel orientation. There is a stronger electrostatic attractive interaction at the
interface of binding mode I (Figure 7). Further analysis will be done for this mode because its
nature of binding is of interest to understand the impact of electrostatic forces in the capsid. The
heterotetramers in binding mode II were arranged in a perpendicular orientation, the results of the
study at the binding interface showed that there is a predominant attractive electrostatic interaction
between the heterotetramers in this mode. This last statement is supported by the electric field lines
and salt bridge formation. Surprisingly, in binding mode III contrary to what was found in binding
mode II and binding mode IV, it showed different features. Binding mode III has the weakest
interaction of all modes, as the calculated electrostatic force direction in mode III suggests a
repulsive binding force and the salt bridge formation analysis indicated that (Table S1) binding
mode III has the lowest average of salt bridge formation compared to binding mode II and binding
mode IV. These features make binding mode III an important candidate for deeper study in in
capsid assembly. Binding Mode IV has a slightly stronger attractive interaction than mode II, as
the salt bridges in mode IV are formed more frequently during the MD simulation.
The study in pH-dependence of the stability in the dengue viral capsid was done by
computing the pH-dependence of stability of the basic binding unit in the dengue viral capsid, i.e.,
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the homodimer of E proteins. Previous experimental studies have revealed that the pH plays an
important role in the dengue viral capsid [23]. The pH affects the interaction between E protein
and M protein [22] and triggers rearrangement and maturation of the dengue virus envelope
proteins. The low pH environment helps the immature dengue virus to prime its proteolytic
maturation [21]. In this study, it was found that the pH significantly affects the stability of the E
protein and the binding interaction between multiple E proteins.
The electrostatic potential distribution on the binding interface of the E protein is
inhomogeneous and comprises positive and negative patches. This feature provides an electrostatic
complementarity when two monomeric E proteins bind to each other in the C2 symmetry.
However, the electrostatic potential and thus complementarity at the E protein interface depends
on the change states of titratable groups and thus may be expected to be pH dependent and for the
homodimer to be formed, the individual monomeric E proteins should be stable as well in the
corresponding pH.
The results of pH-dependence modelling indicate that the monomeric E protein, the
correspondent E protein homodimer, and the complex unit are stable in a wide range of pH from
pH 6 to pH 10. The observation that the monomer E protein, the corresponding homodimer, and
complex have similar pH-dependence profiles (almost no pH-dependence in the pH range 4 to pH
10), is along previous observations that showed that the pH-dependence of stability of monomers
and pH-dependence of the binding free energy of their complex must be the same [33,42,43]. This
demonstrates that the monomeric E protein and its complexes adapted to tolerate similar pH
environment.

Moreover, another feature of interest is that the pH-dependence profiles of

monomeric E protein stability and binding affinity to the corresponding complexes are almost flat
(no pH dependence) in a wide pH range from 4 pH to 10 pH. This is a sharp contrast to many other

22

proteins exhibiting strong pH dependence and being able to function in narrow pH range only
[33,45].

In this study we utilized computational tools to study the electrostatic features of dengue
virus capsid assembly. It is important to recall that other interactions in the capsid were not
considered such as Van der Waals force, hydrophobic interactions, etc. In this study the focus was
on electrostatic interactions. The results demonstrated that the electrostatic forces play a significant
role in the capsid assembly. Each binding mode has unique qualities that makes them suitable for
further analysis such as hydrogen bound analysis, binding energy, and the role of salt bridges.
Binding mode III has the weakest interaction among all four binding modes, making it a potential
target for inhibition drugs for the viral capsid assembly. Furthermore, in the pH-dependence study
the ability of E proteins and their complexes to be stable in a wide pH range, perhaps indicates that
the virus can survive and thrive in diverse conditions. Overall, this study may lead to the features
of the capsid assembly and the identification of conditions in a molecular scale in which the capsid
can survive and spread. This study is highly relevant, since along with further investigation, these
results could lead to the creation of an antibonding mechanism that can combat the virus and stop
its many symptoms and effects in human health.
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